Abstract. Fabric-reinforced cementitous matrix (FRCM) composites are usually applied on the concrete surface for the purpose of strengthening reinforced concrete structures. However, the efficiency of FRCM strengthening is notably affected by the bond between the FRCM system and concrete substrate. In view of that, the current paper presents the results of a preliminary experimental study carried out to investigate the bond characteristics between FRCM composites and concrete. Six number of specimens, each consisted of a 150-mm concrete cube with a double-shear connection to an FRCM system, were subjected to direct-shear loading test. The parameters investigated include (a) FRCM material (carbon, polyparaphenylene benzobisoxazole (PBO), and glass); and (b) Bond length (75 mm or 100 mm). The FRCM systems typically included a single layer of fabric with the associated mortar, and the bond width was uniformly taken as 100 mm. The test results revealed that the bond capacity is enhanced with an increase in the FRCM bonded length. The PBO-FRCM showed the highest bond capacity between FRCM composite and concrete substrate among the three systems. The modes of failure observed in carbon-, PBO-, and glass-FRCM bond tests are fabric delamination, FRCM mortar/concrete debonding, and fabric rapture, respectively. The PBO-and glass-FRCM bond tests thus exhibited a more brittle behavior at failure than that of the carbon-FRCM counterpart.
Introduction
Fabric reinforced cementitious matrix (FRCM) is composed of dry fibres embedded in an inorganic matrix, which is surface-applied for strengthening reinforced concrete (RC) and masonry structures [1] . FRCM systems have recently emerged as a more feasible solution for structural rehabilitation and repair as compared to the well-established, now obsolete, ferrocement [2] and the commonly used fibre-reinforced polymer (FRP) [3] [4] [5] [6] [7] strengthening techniques. In all likelihood, such a growing interest in the FRCM strengthening technique is attributed to a number of advantages associated with it such as the ability to resist extremely high temperatures, the possibility to use recycled materials, and the use of cement-based mortar as a binding agent which is wellmatched with the original concrete substrate [8] .
Successful applications of FRCM system for strengthening RC structures were reported in previous studies including RC slabs [9] , columns [10, 11] , and beams critical in flexure [12, 13] or in shear [14] [15] [16] [17] . In these studies, a considerable improvement was generally reported in the structural capacity of the FRCMstrengthened members compared to that of the nonstrengthened reference. Nonetheless, it is well-agreed that a sufficient understanding of the FRCM/concrete bond behavior is required to maximize its potential use in RC strengthening [1, 8] . Therefore, some research efforts have been dedicated in the past few years for that purpose [18] [19] [20] [21] [22] [23] .
In view of this, the current paper has the following objectives: (a) to investigate the bond behavior between the FRCM composite and concrete substrate while using different FRCM systems; (b) to provide more insight into the effect of the bond length on the bond behavior of the FRCM/concrete interface. In this effort, as part of a larger scope ongoing efforts, three types of FRCM systems have been preliminary assessed; namely, glass-, carbon-, and polyparaphenylene benzobisoxazole (PBO)-FRCM. To achieve this, the double-lap direct shear test was performed on six concrete cubes externally-bonded with FRCM systems, with the consideration of FRCM type and bond length as test variables.
The experimental program will first be explained in terms of materials description, test specimens, and test setup. After that, results and observations of the experiments will be presented and discussed, mainly for the failure mode and the bond capacity of the FRCM systems adopted.
Materials and methods
A total of six concrete cubes of a side length of 150 mm were cast using ready-mix concrete with an average 28-day compressive strength of 30 MPa. For each cube, FRCM system was applied on the opposite sides of the concrete substrate to create a double-shear connection as shown in Figure 1 . Three types of commercially available MATEC Web of Conferences 199, 09003 (2018) https://doi.org/10.1051/matecconf/201819909003 ICCRRR 2018 FRCM systems were considered, namely, glass-FRCM [24] , carbon-FRCM [25] , and PBO-FRCM [26] . Each FRCM system was prepared as per the manufacturers' recommendations by embedding the fabrics in their corresponding mortar mixtures. Water was mixed -per 25 kg of mortar-with an amount of 5 litres for the glass-FRCM system and 7 litres for both carbon-and PBO-FRCM counterparts. Figure 2 and Table 1 show the geometric and mechanical properties for each fabric type as provided by the manufacturers [24] [25] [26] . These properties include the textile area per unit width ( ), ultimate strain ( ), elastic modulus ( ), and tensile strength ( ), along with the compressive strength of their associated mortars ( ). To achieve a profound investigation on the FRCM/concrete bond behavior, the uniaxial tensile characterization of the overall FRCM composite is required. This will corroborate the current study with sufficient knowledge about the behavior of FRCM systems as individually subjected to a uniaxial tensile load, allowing for a more justifiable interpretation for the results of FRCM systems while bonded to the concrete surface. In view of that, Table 2 The FRCM composite typically included a single layer of fabric, and was applied with a uniform bond width of 100 mm for all test specimens. Two test variables were considered: (a) FRCM material (glass, carbon, and PBO); and (b) bond length (75 or 100 mm). Table 3 shows the characteristics of the specimens used in this study. G-L100 Glass 100 Figure 3 illustrates the setup and instrumentation for the double-lap shear test performed on the FRCM-bonded concrete cubes. The FRCM composite was axially loaded,
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simultaneously from both sides of the specimen, by stretching the fabric using a hydraulic jack with a manual pump operated at an approximate rate of 4 mm/min. A curved-edges steel plate was placed between the hydraulic jack and the top end of the stretched fabric to allow a uniform distribution of the load throughout the fabric mesh. This mitigated the stress concentration at the fabric edges and reduced the likelihood of a premature fabric rupture. A cylindrical load cell of 500-kN capacity was installed between the hydraulic jack and the test specimen to continuously control the load applied during the test. Also, the slip of the FRCM composite was continuously measured using a linear variable displacement transducer (LVDT). The test set-up was connected to a data acquisition system to store the measured values. Table 4 presents a summary of the test results. For each specimen, the second and the third columns of Table 4 list the failure load ( ) and its corresponding ultimate shear stress ( ), respectively. The FRCM slip measured at failure ( ) and the modes of failure are listed in the fourth and fifth columns of Table 4 , respectively. The ultimate shear stress ( ) was calculated as the failure load ( ) divided by the total FRCM bonded area as follows:
Results and discussions
where is the FRCM bonded length and is the FRCM bond width.
The concrete/FRCM bond capacity was higher in the case of PBO-FRCM system than that of glass-and carbon-FRCM counterparts. The average shear-stress capacity of the FRCM/concrete bond for PBO-, carbon-, and glass-FRCM systems was 530, 273, and 265 kPa, respectively. As intuitively expected, increasing the bond length has generally led to a significant improvement in the FRCM/concrete bond capacity. The average gain achieved in the FRCM/concrete bond capacity due to increasing the bond length by 33% was 94, 37, and 81% for carbon-, PBO-, and glass-FRCM systems, respectively. The significance of FRCM/concrete bond length was also indicated in previous research contributions [20, 22, 23] .
In general, the carbon-FRCM system exhibited fabric delamination within the fabric/matrix interface (FD) at failure, preceded by fabric elongation and slippage during the load application (Figure 4-a) . The PBO-FRCM system, however, showed debonding at the matrix/concrete interface (DB) at failure (Figure 4-b) . The failure mode for the glass-FRCM system was generally a premature rupture of the stretched fabric (FR) (Figure 4-c) . Therefore, the bond failure was more brittle in the case of glass-and PBO-FRCM systems than that of the carbon-FRCM counterpart. This can be further evidenced by the following observations: (i) the lower values of FRCM slip measured at failure ( ) in the case of PBO-and glass-FRCM systems compared to those of carbon-FRCM counterpart (Table 4) ; and (ii) the sudden drop observed at failure in the curve of load versus displacement in the case of glass-and PBO-FRCM systems ( Figure 5 ).
The FR failure mode exhibited by the glass-FRCM system can be attributed to the inherent lower mechanical properties of glass fibres compared to those of PBO and carbon counterparts (Table 1 ). This can also be linked to the FR failure mode exhibited by the glass-FRCM composite under uniaxial load (Table 2) .
Given the comparable mechanical properties of their fabric strands, the discrepancy in the bond failure between carbon-and PBO-FRCM systems can be explained in view of the fabric geometry. As shown in Figure 2 , the effectual fabric of carbon-FRCM system exists in two directions. The PBO fabrics, however, are more effective in the warp direction, with more spacing realized between the fabric strands in the weft direction. Therefore, the twoway fabric sheet in carbon-FRCM resulted in a lower bond between fabric and mortar within the FRCM composite due to the less mortar penetration throughout the fabric layer and thus less mechanical interlock. On the other hand, the fabric/matrix interface was stronger in the PBO uniaxial textile and thus leading the failure to rather occur in the bond between the FRCM matrix and concrete substrate. The effect of the fabric geometry on the FRCM/concrete bond behavior was also indicated by previous researchers [8, 18] . 
Conclusions
This paper has investigated the FRCM/concrete bond characteristics for different FRCM systems. Three FRCM systems were considered, namely, carbon-FRCM, glass-FRCM, and PBO-FRCM. A total of six concrete cubes of 150-mm size were cast and externally-bonded with FRCM system from two opposite sides to prepare for the double-lap direct shear loading test. Two test variables were considered, namely, the FRCM material and the bond length. Based on the study results, the following conclusions have been drawn: -The PBO-FRCM system exhibited a stronger bond capacity between the FRCM layer and concrete substrate. The shear-stress capacity of the FRCM/concrete interface was approximately double that of carbon-and glass-FRCM counterparts. -The modes of failure observed at the FRCM/concrete bond are fabric delamination for carbon-FRCM, debonding at the FRCM/concrete interface for the PBO-FRCM, and premature fabric rupture for glass-FRCM systems. -The failure of the FRCM/concrete bond was more ductile with a higher FRCM slip in the case of carbon-FRCM system as compared to that of glass-and PBO-FRCM counterparts. -The bond length has a significant effect on the FRCM/concrete bond capacity. For instance, increasing the bond length from 75 to 100 mm has led to an improvement reaching 100% in the carbon-FRCM/concrete bond capacity.
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